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PREFACE

New Insights in Acute Respiratory Distress Syndrome

Antonio Artigas

Critical Care Center, Corporacion Sanitaria Universitaria Parc Tauli, Institut de Investigacié I3PT, CIBER Enfermedades

Respiratorias, Autonomous University of Barcelona, Sabadell, Spain.

Fifty Years Ago, Ashbaugh and colleagues described for the first time the term adult (later changed to
acute) respiratory distress syndrome (ARDS). Since then substantial progress has been made in the care
of affected patients and those at risk for the disorder, with reductions in both incidence and mortality.
However, ARDS remains a relatively common and lethal or disabling syndrome.

Novel therapeutics have largely failed to translate from promising preclinical findings into improved
patients outcomes in late phase clinical trials. Recent advances in personalized medicine, big data, causal
inference using observational data, novel clinical trial designs, preclinical disease modeling, and
understanding of recovery from acute illness promise to transform the methods of pulmonary and critical
care clinical research. The recommendations for future research priorities and directions are: 1) focusing
on understanding the clinical, physiological, and biological underpinnings of heterogeneity in ARDS
with the goal of developing targeted, personalized interventions; 2) optimizing preclinical models by
incorporating comorbidities, cointerventions, and organ support; 3) developing and applying novel
clinical trial designs; 4) advancing mechanistic understanding of injury and recovery to develop and test
interventions targeted at achieving long-term improvements in the lives of patients and families.

This special issue of Signa Vitae, we have drawn together international experts in different aspects of
acute respiratory failure to examine and discuss some of the challenges in today’s ARDS. Multiple
experimental models have been developed in the last few decades, with major recent development in the
fields of in vitro, ex vivo, and in vivo experimental ARDS: while some of these experiments failed, other
succeeded in advancing our knowledge of the complex mechanisms of ARDS pathophysiology and the
clinical translation of a few therapeutic interventions. Therefore, the judicious and imaginative use of
broad range experimental and analytical approaches is a paramount importance in developing
translational discovery research, with the goal of developing prediction medicine strategies to ultimately
improve patients outcomes.

The recognition of ARDS heterogeneity has create an opportunity to identify various subphenotypes,
associated with different clinical outcomes. Key challenges will be 1) the characterization of the lung
compartment, and 2) integrating our subphenotypes related to clinical variables, lung morphology, gas-
exchange abnormalities and biology in preclinical models and clinical trials. Deeper subphenotyping,
with parallel use of prognostic and predictive enrichment strategies, will hopefully reveal mechanistic
differences and treatable traits, marking the beginning of precise medicine in ARDS.

The ventilatory management of ARDS patients has changed over the years to mitigate the risk of
ventilator induced lung injury (VILI) and improves outcomes. Several strategies have been proposed to
individualize tidal volume. Driving pressure, transpulmonary pressure, and mechanical power have been
proposed as markers to quantify risk of VILI and to optimize ventilator settings. Several rescue therapies,
including neuromuscular blockade, prone position, recruitment maneuvers, vasodilators and

extracorporeal oxygenation and carbon dioxide removal, may considered in severe ARDS. These new
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ventilatory strategies and recommendations may guide physicians in an individually tailored rather a
fixed approach based on physiological targets to achieve optimal ventilatory settings for each patient.
The development of new and effective therapies for ARDS is a relevant objective of biomedical research
and cell therapies are among the novel approaches with the greatest potential. However, mechanistic
studies will still be needed to fully understand the mechanisms of action that these therapies can be
optimized.

In summary, there are many and varied challenges across the fields of ARDS. I hope our selection, will
help trigger for the reflection of this important area, with the realization that as we move forward, further
challenge will inevitably arise. Importantly, although often considered as a barrier of progress, challenges
should rather be seen as providing an opportunity to encourage debate and discussion to resolve difficult
issues and patient management.

I would like to thanks all the contributors for their excellent contributions and the editorial staff at Signa

Vitae for their assistance and patience.



Submitted: 30 January, 2022  Accepted: 11 May, 2022

Published: 08 September, 2022

DOI:10.22514/sv.2022.046

REVIEW

( Open Access )

_Jn— Signa Vitae

Hypercapnia and extracorporeal carbon dioxide removal
(ECCO.R) in the acute respiratory distress syndrome

Luis Morales-Quinteros!2?3%*, Jordi Mancebo!, Lorenzo Del Sorbo*?®

Intensive Care Department, Sant Pau Abstract
University Hospital, 08001 Barcelona,
Spain

2Translational Research Laboratory,
Institute for Research and Innovation
Parc Tauli (I3PT) Universitat Autbnoma
de Barcelona Sabadell, 08208 Barcelona,
Spain

3CIBER Enfermedades Respiratorias,
Madrid, Spain

“4Interdepartmental Division of Critical
Care Medicine, University of Toronto,
Toronto, Ontario M5R 2R3, Canada
5Department of Medicine, Division of
Respirology, University Health Network,
Toronto, Ontario M1E 4E6, Canada

Keywords

*Correspondence
Imoralesqg@santpau.cat
(Luis Morales-Quinteros)

1. Background

Acute hypoxemic respiratory failure, and its most severe form,
acute respiratory distress syndrome (ARDS), is a leading cause
of admission to the intensive care unit (ICU). It is associ-
ated with significant mortality and long-term morbidity for
survivors and considerable resource utilization for health care
systems [1].

In critically ill patients with acute hypoxemic respiratory
failure, mechanical ventilation is a life-saving treatment [2]. At
the same time, this therapy can cause ventilator-induced lung
injury (VILI), a lung injury condition inflicted or aggravated
by mechanical ventilation during treatment. Multiple evidence
demonstrated that excessive lung stress and strain, induced by
excessive transpulmonary pressure, results in regional alveolar
overdistension or cyclic opening and closing of distal airways,
which cause lung injury [3]. In recent years, much effort has
been invested in understanding the pathophysiology of VILI,
which has led to notable changes in ventilation management
and remarkable improvement in patient outcomes. For in-
stance, while it was common practice to use “unphysiological
large” tidal volumes to prevent atelectasis and target normal
gas exchange, it is now widely accepted to use low pressures
and low tidal volumes to protect the lungs against VILI [2,
4]. In a seminal study, the ARDSNet investigators showed
significantly higher mortality with a high tidal volume (V)
strategy of 12 mL/kg of predicted body weight (PBW), as
compared to a low Vrstrategy of 6 mL/kg PBW and limiting
end-inspiratory plateau pressure (Pprar) to < 30 cmH.O

As a result of technical improvements, extracorporeal techniques for carbon dioxide
removal have become an attractive option in managing adults with acute respiratory
failure. However, evidence to support its use is scarce, and several questions regarding
the best way to implement this therapy remain unanswered, which can be associated with
severe side effects. In this review, we will present the currently available knowledge
on (1) ECCO2R as an adjuvant treatment to invasive mechanical ventilation, (2) the
impact of hypercapnia in patients with acute respiratory distress syndrome (ARDS), (3)
the pathophysiological rationale and evidence of ECCO3R in patients with ARDS.

Acute respiratory distress syndrome; Extracorporeal carbon dioxide removal; Carbon
dioxide; Lung-protective ventilation; Ventilator-associated lung injury

[5]. However, the reduction in tidal volume and inspiratory
pressures results in the development of respiratory acidosis,
which is tolerated within certain safe limits, according to the
notion of “permissive hypercapnia”.

Nonetheless, in some patients, even lung-protective venti-
lation (LPV) settings may not be fully protective [6, 7]. Up
to one-third of patients receiving lung-protective ventilation
had evidence of tidal hyperinflation and, hence, risk of VILI
[6]. Moreover, data from large observational studies suggest
that there might not be a safe threshold for tidal volume or
driving pressure due to the heterogeneity of lung injury [8, 9].
These data prompted the hypothesis that further reducing tidal
volume and driving pressure could result in less VILI and
patient-centered outcome improvement [ 10].

This strategy would potentially entail an unacceptably high
risk of life-threatening respiratory acidosis [11] due to signifi-
cantly reducing alveolar ventilation with tidal volumes equal
to or inferior to physiologic dead space. To overcome this
issue and facilitate “ultra” protective strategies of mechanical
ventilation to minimize VILI, increasing interest has been
focused on extracorporeal carbon dioxide removal (ECCO2R)
since the first reports in the 1980s [12—14].

2. Pathophysiologic rationale of ECCO,R
in ARDS

One of the major clinical challenges in ARDS and hypoxemia
is carbon dioxide (COs) clearance and the strategy to best
achieve it. However, the optimal physiologic and metabolic
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targets to provide adequate homeostasis without inducing VILI
are not yet defined, as highlighted above, suggesting a potential
role for ECCO2R.

In patients with ARDS, hypercapnia develops due to de-
creased alveolar ventilation, determined by the variable com-
bination of alveolar collapse/infiltrate and increased alveolar
dead space. Alveolar infiltrates, and collapse is unevenly
distributed throughout the lung, with smaller preserved aerated
zones, defined as “baby lung” [15]. Physiological dead space
(Vp/Vr) is the sum of the anatomical and alveolar dead spaces
and is defined as all parts of the tidal volume that do not
participate in gas exchange. Vp/Vr comes from respiratory
units that receive disproportionately low perfusion compared
with ventilation (Q < V), resulting in an increasing “West
Zone 1” physiology [16]. High alveolar dead space (VD 4rv)
may result from endothelial injury, microvascular thrombi,
and overdistention of alveoli during mechanical ventilation
[17, 18]. Vp/Vr during the first seven days after ARDS di-
agnosis is an independent lung-specific physiological variable
associated with increased mortality [19, 20]. However, dead
space measurements are not routinely performed in clinical
practice to guide patient management due to the challenges of
the various measurement strategies [21]. Other methods for
estimating Vp/Vp, which do not require quantitative assess-
ment of exhaled carbon dioxide, are easier to use at the bedside.
Recently, the ventilatory ratio and end-tidal-to-arterial Partial
pressure of carbon dioxide (PCO3) ratio have been described
as surrogates for Vp/Vpin ARDS patients [22-25].

2.1 Hypercapnia in ARDS

The effects of hypercapnia have been extensively studied in
clinical and experimental investigations, but the results are
conflicting. Thus, the definition of adequate CO, and pH
clinical targets remains challenging.

Hickling et al. [26] were the first to propose protective ven-
tilation strategies as the rescue therapy for patients with severe
ARDS to limit VILI. These strategies include the following
(1) low peak inspiratory pressure and low Vg
ventilation; (2) use of positive end-expiratory pressure (PEEP);
and (3) acceptance of higher partial pressure of arterial carbon
dioxide (PaCOs) levels. Despite its limitations, this study
showed significantly lowered hospital mortality by adapting
the protective ventilation strategies. This finding led to a series
of clinical investigations in patients with ARDS, including
the potential protective role of permissive hypercapnia [5, 8,
27-29]. Regretfully, important limitations of these studies,
such non-randomization of patients to receive normocapnia or
hypercapnia, have precluded the conclusive demonstration of
a direct protective effect of high COs in these patients.

measures:

To advance the knowledge on this issue, several experi-
mental studies have also investigated the potential protective
effect of hypercapnia on mechanisms of acute lung injury
[30]. In an experimental model of rabbit lungs ventilated ex-
vivo with high pressures, hypercapnia decreased microvascular
permeability, lung edema formation, and protein concentration
in the bronchoalveolar lavage fluid [31]. The plausible mech-
anisms are (1) the CO; action, through nuclear factor-kappa
(NFkB) pathway activation, preventing p65 translocation and
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thereby reducing inflammation [32, 33]; (2) COs inhibition
of the ADAM-17 (a disintegrin and metalloprotease domain
enzyme), which prevents the activation of the p44/p42 MAPK
(mitogen-activated protein kinases pathway) [34].

Hypercapnia has also been shown to reduce apoptosis in
rat lungs exposed to high-pressure ventilation by inhibiting
the activation of the MAPkinase and stress-activated protein
kinases (SAPK)/Jun amino-terminal kinases (JNK) pathways
in alveolar epithelial cells [35].

In contrast to its beneficial effects, the potentially detrimen-
tal effects of hypercapnia on mechanisms of injury have also
been studied. It has been observed that high levels of COq
impaired the phagocytic activity of neutrophils in rat models
[36]. Furthermore, hypercapnia decreased alveolar cell prolif-
eration and delayed wound repair in different types of human
lung cells in pH-independent and dose-dependent ways [37].
Hypercapnic acidosis impairs membrane wound resealing [38,
39] in ex-vivo and in-vitro rat models of VILI. High COs levels
have been found to decrease the clearance of alveolar edema
through inhibition of the Na™-K*-ATPase pump through an
endocytosis process [40] that is pH independent [41]. Lastly,
hypercapnia may modulate innate immunity and host defense
via pH-independent or dependent mechanisms [42, 43]. High
COq, levels suppress innate immunity by inhibiting mRNA and
the expressions of inflammatory cytokines (IL-6 and TNF-«)
and autophagy in alveolar macrophages in rats [43, 44]. The
biological actions of CO; are depicted in Fig. 1.

Although progressively adopted or tolerated in patients with
ARDS to facilitate protective mechanical ventilation settings,
permissive hypercapnia has considerable pathophysiological
effects, which need to be considered. Hypercapnic acidosis
can increase pulmonary vascular resistance and worsen pul-
monary hypertension, potentially increasing right ventricular
afterload and triggering acute cor pulmonale. It also impairs
diaphragmatic function through afferent transmission or in-
tegrity with short-term exposure to moderate hypercapnia in
preclinical models [45, 46]. Hypercapnia causes precapillary
cerebral arteriole dilation, increasing cerebral blood flow, a
clear concern in the setting of reduced intracranial compliance,
in which increased global cerebral blood flow may critically
elevate intracranial pressure. Moreover, hypercapnic acido-
sis directly reduces the contractility of cardiac and vascular
smooth muscle [47, 48]. However, this is counterbalanced by
the hypercapnia-mediated sympathoadrenal effects, including
increased preload and heart rate, increased myocardial con-
tractility, and decreased afterload, leading to a net increase in
cardiac output [48, 49].

A recent secondary analysis of three international studies on
patients with ARDS showed that severe hypercapnia, defined
as PaCO5 50 mmHg, was independently associated with higher
ICU mortality and multiorgan failure [50]. Interestingly, the
number of patients with severe hypercapnia progressively in-
creased from 1998 to 2010, mirroring the progressively higher
adoption of lung protective ventilation, which may reflect the
belief of the beneficial effect of hypercapnia.

In another retrospective analysis of mechanically ventilated
patients, it was observed that patients who developed respira-
tory acidosis (pH <7.35 and PaCOy >65 mmHg) during the
first 24 hours of ventilation had a worse prognosis compared
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FIGURE 1. Schematic depiction of CO- actions at cellular level with its positive (BLUE) and negative effects (RED).
Left: Mechanical stretch induced phosphorylation of p44/p42 is decreased by CO- inhibition of ADAM-17. Apoptosis is
decreased by hypercapnia by impairment of ASK1-JNK/p38 MAPK pathway. Right: CO5 acts upon the NF-xB pathway after
inflammatory stimuli. Carbon dioxide inhibits IxB-« degradation, impairing ReIA/p50 translocation into the nucleus exerting its
anti-inflammatory effects. On the other hand, CO4 impairs alveolar cell proliferation by inhibiting IKK/NIK complex impairing
RelB/p52 formation via the NF-xB complex and also by inducing miR183 which down-regulates IDH2 producing mitochondrial
dysfunction (independent of NF-xB pathway). Hypercapnia- induced endocytosis of the Na,K-ATPase transporter. ADAM-17:
disintegrin and metalloproteinase 17; MAPK: mitogen-activated protein kinases; ASK: Apoptosis signal-regulating kinase 1;
JNK: c-Jun N-terminal kinase; NF-xB: nuclear factor kappa-light-chain-enhancer of activated B cells; IL-1: interleukinl; TNF:
Tumoral necrosis factor; IDH2: isocitrate dehydrogenase-2; NIK: NF-xB-inducing kinase; IKK: IxB kinase; EFGR: epidermal

growth factor receptor; CO,: carbon dioxide.

to those who had normocapnia or compensated hypercapnia
[51].

The “Large observational study to UNderstand the Global
impact of Severe Acute respiratory FailurE” (LUNG SAFE)
study, a worldwide multicenter observational investigation
in ventilation practice in patients with ARDS [52], reported
the prevalence and impact of changes in CO, on ventilation
management and outcomes in patients with early ARDS. This
observational study showed that hypocapnia and hypercapnia
are commonly present, and in approximately half of the pa-
tients, CO5 derangements are sustained over the first two days
of ventilation. Interestingly, there was no mortality difference
between normocapnic and hypercapnic patients, concluding
that there is no evidence for hypercapnia to be considered
beneficial or harmful. Of note, the LUNG SAFE investigators
also show ICU mortality to be higher in hypocapnic compared
to normocapnic patients with mild-to-moderate ARDS, sug-
gesting the need for caution with sustained hypocapnia.

The above-discussed evidence suggests that the application
of ECCO2R could be beneficial to improving metabolic home-
ostasis and minimizing VILI, which is achieved by allowing
the delivery of ultra-protective mechanical ventilation settings
and avoiding the potentially detrimental hemodynamic and
neurological consequences of hypercapnia. It is increasingly
recognized that CO2 is more than just a product of cellular
metabolism and that hypercapnia can regulate several critical
biological functions in the lung, which could be detrimentally
altered by inadequate ECCO4R application.

3. Principles and technical aspects of
ECCO;R

3.1 Principles

The ECCO4R devices consist of a drainage cannula placed in
a large central vein or artery (the latter if an arterio-venous
configuration is used, which is not often), a pump, and a gas
exchanger (artificial membrane lung), and a return cannula
into the venous system. Gas exchange is achieved through
an extracorporeal artificial lung unit containing a diffusion
membrane. In this unit, blood is passed through hollow plastic
fibers with a mesh-like pattern that increase the surface area for
membrane-to-blood contact and gas exchange efficiency. Via
the surface of the membrane fibers, the exchange of oxygen
and COs occurs by diffusion. The efficiency of each device
(i.e., the volume of CO5 removed per minute, adjusted to blood
flow) should be an important consideration for clinicians since
it determines the blood flow rate and hence the catheter size
needed for adequate CO5 removal. To obtain an efficient
membrane lung with the lowest necessary amount of mem-
brane surface, a design incorporating short fibers that allows
a maximal sweep gas ratio is required to keep the gradient
over the entire length of the fiber at its highest possible level.
This is in contrast to extracorporeal membrane oxygenation
(ECMO), which requires high flow rates to increase arterial
blood oxygenation. ECCO2R needs considerably lower blood
flow rates as the gas dissociation curves in blood for oxygen
and CO- are significantly different.

Theoretically, due to the higher diffusion coefficient of COs,
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FIGURE 2. Use of ECCO2R to decrease the injury induced by mechanical ventilation. Figure depicts the common
configurations used. A. Veno-venous ECCO3R configuration with a double-lumen catheter inserted into a central vein. B. Arterio-
venous ECCO2R configuration with the positioning of the exchange membrane linking the femoral artery and vein. No pump is
needed. PaCOs: partial pressure of carbon dioxide in arterial blood; VCOs: carbon dioxide production; CO4: carbon dioxide;

O3 oxygen; Vr: tidal volume.

blood flow of ~1 L/min is sufficient to remove the entire
CO, production of an average-sized patient effectively. In
contrast, relevant oxygenation of the blood only occurs with
blood flows of approximately 50-60% of the cardiac output.
Therefore, an ECCO2R system requires smaller cannulas and
lower blood flow. In ECCO2R, the sweep gas flow is kept high
to maximize the effectiveness of CO, elimination through the
artificial membrane from the blood.

Before initiating the extracorporeal CO elimination, it is
necessary to estimate the patient’s CO2 production (on aver-
age, about 250 mL/min in the critically ill patient under resting
conditions [53]) and, on the other hand, the therapeutic goal.
With low flow rates in the 200—450 mL/min range, it is possible
to eliminate an average of COy/min corresponding to about 20—
30% of the average CO5 production [54, 55] as demonstrated
in recent clinical trials [56, 57].

Recent preclinical research has investigated ways to increase
the efficiency in COs removal by techniques that acidifies
blood in the extracorporeal circuit and by using electrodialysis
with encouraging results [58—60].

3.2 Technique

Due to the much higher diffusion capacity of CO5 than Oa,
different configurations of extracorporeal CO4 elimination are
possible. The system’s configuration depends on the election
of the vascular access (arterial or venous) and the type of
cannulas that will be used. A distinction is made between
pump-driven vs. arterio-venous pumpless systems (Fig. 2).

3.2.1 Arterio-venous ECCO-R (AV-ECCO,R)

ECCO2R with arterio-venous configuration utilizes the pa-
tient’s arterio-venous pressure gradient to pump blood through
the artificial lung. Vascular access is most commonly obtained
by cannulating the femoral artery and vein using the percuta-
neous technique. Mean arterial pressure greater than 60 mmHg
and a cardiac index >3 L/min/m? provide flow rates ranging
between 0.5 and 1.2 L/min. This configuration is unsuitable for
hemodynamically unstable or heart failure patients [0 1, 62].

The major advantage of the system is the absence of blood
trauma due to a pumpless system and thus pump-associated
complications. However, this benefit is outbalanced by the risk
of distal ischemia, which can occur on the side of the arterial
cannulation. The pumpless arterio-venous system introduces
a new vascular bed to the patient, which adds an additional
burden to the heart that already has to pump blood through
the brain, liver, kidneys, and other organs. Given the com-
plications associated with cannulation, its use has fallen out of
interest.

3.2.2 Veno-venous ECCO,R (VV-ECCO,R)

Veno-venous ECCO4R systems utilize a pump to generate flow
across a membrane. To date, pump-driven systems are by
far the more used systems. They enable a jugular or femoral
double lumen cannula of a size between 20 and 23-24 Fr,
allowing blood flows around 500-1000 mL/min. Smaller can-
nulas can also be considered for lower blood flow, decreasing
the cannulation risk. A hemodialysis catheter with 11.5 or
13.5 Fr can generate blood flows of up to 300 mL/min but
has a relatively high recirculation rate [63], thus reducing the
system’s efficiency.
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The pumps can be roller (peristaltic) or rotary (centrifugal).
The latter has a rotating impeller which creates a suction vortex
that draws blood into the center of the pump and propels it
outwards from the outlet. The system, which evolved from
dialysis, is driven by roller pumps and uses 200 to 450 mL/min
of corresponding blood flows. In contrast, the systems devel-
oped from ECMO often have flow rates of 0.5 to a maximum
of 2.0 L/min using a centrifugal pump [64].

Compared to the AV configuration, one of the gains of VV-
ECCO3R is that it is less invasive as arterial cannulation is
avoided and that patients can potentially be mobilized earlier.
We recommend VV-ECCO3R over AV-ECCO3R in most cir-
cumstances unless the centers are already familiar with this
technology.

4. Evidence of ECCO,R in ARDS

ECCO2R was first proposed in the 1980s when the detrimental
effect of VILI was still vastly unrecognized and ignored. The
evolving conceptual paradigm of ECCO4R clinical application
was to use extracorporeal support to rest the lung and avoid
VILI from high volume and pressure ventilation [14]. Interest-
ingly, in small clinical series, the application of ECCO2R was
reported to decrease barotrauma in patients with ARDS [13,
14] before large clinical trials could demonstrate the benefit of
lung-protective ventilation. However, to date, no high-quality
evidence has shown the efficacy of ECCOsR in improving
patient outcomes.

A recent meta-analysis of 14 studies with pumpless and
pump-driven ECCOsR [65] has shown that the technique can
achieve a sustained reduced partial pressure of arterial COq
to 4050 mmHg and increased blood pH to 7.30-7.45 and a
significant increased PaO5/FiO5 ratios; these while decreasing
Vr~3 mL/kg/IBW (ideal body weight), and Ppy, 47 by at least
5 cmH» 0, maintaining a PEEP level of around 15 cmH5O. The
device duration was between 7 to 14 days. However, there was
no effect on mortality or clinically relevant outcome measures.

The SUPERNOVA study investigated the role of ultra-
protective ventilation in patients with early moderate ARDS
under invasive mechanical ventilation [66]. Ultra-protective
ventilation consisted in targeting tidal volumes of 4 mL/kg
and Pprar < 25 cmH;0. The main outcome was the
proportion of patients achieving ultra-protective ventilation
without developing respiratory acidosis (pH <7.30 while
maintaining PaCOy around 20% of baseline values with Vt
6 mL/kg IBW). Devices with different CO2 extraction rates
were used. ECCO3R was kept for 3-8 days. ECCO3R was
able to significantly reduce Ppp 4 from 26 + 5 cmH-20
to 23 £ 3 cmH>0 in 73% of patients, with a reduction of
driving pressure from 13 4+ 5 to 9 + 4 cmH>0O. Few adverse
effects were related to the use of ECCO2R. These findings
showed that in this study, ECCO3R was feasible and safe. A
secondary analysis of the data from the SUPERNOVA study
demonstrated that the magnitude of reduction in VT, driving
pressure, and mechanical power permitted by ECCO2R
is significantly higher in ARDS patients with higher dead
space (determined by a ventilator ratio (VR) >2) or lower
compliance of the respiratory system (Crs) or treated with a
higher CO5 extraction rate device [67].

Finally, although these data confirmed the technique’s feasi-
bility with consistent physiological effects, the lack of patient-
centered outcomes warranted further investigation.

Several studies have shown the feasibility and efficiency of
ECCO2R in removing significant amounts of COs, to facilitate
very low tidal volume mechanical ventilation strategies [06,
68]. However, these studies were not designed to investigate
the efficacy of this technique in improving patient-centered
outcomes.

Recently a large, randomized, controlled, open, phase 3
pragmatic clinical and cost-effectiveness trial led by experi-
enced clinical trials group [57] tried to respond to the clinical
question of whether ECCO4R improves day 90 all-cause mor-
tality in mechanically ventilated patients with acute hypoxemic
respiratory failure. The original plan was for an interim analy-
sis of 560 patients. However, this was moved forwards to 412
patients after the trial was paused to investigate an intracra-
nial hemorrhage in the intervention arm. At this time point,
the Data and Safety Monitoring Board (DSMB) performed a
conditional power analysis and found that ongoing recruitment
was unlikely to show benefit. 202 patients were randomized
to the experimental arm and 210 to the control arm. Tidal
volumes, inspiratory plateau pressure, and driving pressure
were lower in patients randomized to the intervention arm than
controls, as per the study design. However, although mean
ventilator-free days were significantly lower in the ECCO2R
group (mean difference, 2.1 (95% CI, -3.8 to —0.3); p=0.02),
no difference was found in the primary outcome of day 90 all-
cause mortality, 41.5% in the lower tidal volume ventilation
with ECCO2R group vs. 39.5% in the standard care group
(Risk Ratio, 1.05 (95% CI, 0.83—1.33); difference, 2.0% (95%
CI, —7.6% to 11.5%); p = 0.68). This was unchanged after ad-
justing for age, Sequential Organ Failure Assessment (SOFA)
score, and baseline PaO5/FiO,. Higher rates of adverse events
were observed in the intervention arm: 168 (52% of patients)
vs. 61 (23% of patients), including higher rates of intracranial
hemorrhage and infectious complications.

Moreover, several issues may have affected the outcome in
the ECCOg9R group. In fact, in the intervention arm of the trial,
there were higher rates of mandatory modes of mechanical
ventilation and neuromuscular blockade and less use of prone
positioning than in the control arm. In addition, several partici-
pating centers had little experience with the clinical application
of ECCOg9R. Furthermore, although driving pressure in the
ECCO:2R group was 2-3 cmH:0 lower than in controls, with
the expected significant decrease of mechanical load, in both
groups, driving pressure was maintained below 14 cmH-O,
which has been suggested as a protective threshold to minimize
VILI [69]. Future studies will need to investigate whether tar-
geting a lower respiratory rate by study design with ECCOsR
results in improved outcomes, as demonstrated in an elegant
experimental large animal model [70].

Overall, the data presented in this study confirmed that
achieving lower tidal volumes using ECCO2R is possible and
highlighted how translating this physiologic effect into clinical
benefit is challenging due to the complex and not fully revealed
pathophysiology of VILI.

Other relevant studies on ECCO3R in ARDS are summa-
rized in Table 1.



No. of

pa-
tients

Study

Terragni et 32
al. [77]

Bein et al. 79
[68]

Fanelli et 15
al. [56]

Augy et 70
al. [78]

Schmidt et 20
al. [79]

ECCO3R Characteristics

Configuration

RRT platform
adapted to
ECCO3R and a
double lumen
catheter
(femoral)

Femoral AV
PECLA

VV system and
single double
lumen catheter
with femoral or
jugular approach

VV system and a
double-lumen
catheter

VV system
managed with
RRT platform via
a 15.5-Fr single
dual lumen
catheter (femoral
or jugular)

Blood

flow

(mL/min) (L/min)

191-
422

1300

435

430

420

TABLE 1. Relevant studies of ECCO5R in ARDS.

Time on
ECCO3R

Sweep Membrane
flow (material);

surface in m?

8 PLP* 6 (3.5-7)
(Decap®, d
Hemodec,
Salerno,
Italy); 0.33

Not PMP** iLA 7.4 (3-11)
reported AV, d
Novalung,
Heil-
bronn,Germany);
1.3

10 PLP* based 2h
on siloxane
layer (ALung
Hemolung
RAS); 0.59

Not PLP* based 5d
reported on siloxane
layer (ALung
Hemolung
RAS) or
PMP; 1.3
(Novalung
iLA activve);
0.59
10 PMP** (Pris- 31h
malLung®;
Gambro-
Baxter); 0.32

Major Results

Prospective study. IMV + LPV to maintain Ppy 47 28-30 cmH5O After 72 h
of IMV, ECCO2R started with posterior decreasing of V. Vp successfully
decreased to 4 mL/kg PBW and Pp 47 decreased to 25.0 cmH50 (p <
0.001). ECCO2R prevented respiratory acidosis. Reduction of biomarkers of
lung injury after 72 h of ultraprotective ventilation.

Randomized controlled trial. AV-ECCO5R commencement after 24 h in
moderate/severe ARDS. ECCO3R group aimed a Vy 3 mL/kg PBW. Control
group aimed for a Vo 6 mL/kg PBW. No significant differences in VFDs at
D-28 or D-60. ECCO2R + ARDS with P/F <150 had significantly shorter
duration of ventilation at D-60. Significantly higher rate of bleeding in the
ECCOg2R group.

Prospective study. Moderate/severe ARDS. V1 reduced to 4 mL/kg PBW.
ECCO3R started after severe respiratory acidosis (pH < 7.25 + PaCOs > 60
mmHg). ECCO3R successfully reverted respiratory acidosis ECMO needed

in 2 patients.

Multicenter, observational, prospective, cohort study. Ultraprotective
ventilation for ARDS patients, rest of indications related to COPD patients.
Significant reduction in V1 was observed in ARDS patients, up to 4 mL/kg
PBW. Side effects related to the device: hemolysis, bleeding, and membrane

clotting. 3 deaths related to ECCO2R.

Prospective multicenter study. Mild/moderate ARDS V progressively
decreased to 4 mL/kg within 2 h + PEEP adjustment to aimed Ppy 47 23-25
cmH>0 using a RRT platform. No ECMO requirement. No worsening
oxygenation. ECCO5R with RRT platform was feasible for ultraprotective
ventilation.

|
|

V|
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Study

Ding X et
al. [80]

Combes et
al. [66]

McNamee
JJ et al

[57]

No. of

pa-
tients

Configuration

12 VV configuration
with two 12-Fr
two lumen
hemodialysis into
the right jugular
vein and one of
the femoral veins

95 VV configuration
with a
double-lumen
catheter

405 VV configuration
with a
dual-lumen
catheter inserted
percutaneously

into a central vein

ECCO3R Characteristics

Blood Sweep
flow flow
(mL/min) (L/min)
342 10
300— 6-10

500 vs.
800—
1000
350— 10
450

Membrane
(material);
surface in m
PMP** (Pris-
malLung®;
Gambro-
Baxter); 0.32

2

PLP* based
on siloxane
layer (ALung
Hemolung
RAS, iLA
activve,
Novalung,
Cardiohelp®
HLS 5.0,
Getinge)

TABLE 1. Continuted. <
Time on Major Results ;n
ECCO,R s’
=
(;:.
Not Single-center, prospective study. COVID-19 ARDS patients with refractory
reported hypercapnia with compliance 13.29 + 4.88 mL/cmH20. Low-flow ECCO2R
system based on the RRT platform can reduce the PaCO3 level <50 mmHg
and significantly decrease the Ppy a7, driving pressure and mechanical power
in moderate hypercapnic patients. Twenty-four hours later, the DP and Pp a7
slightly increased, but were still significantly reduced compared with the
baseline.
5(3-8)d Prospective multicenter international phase II study. Ultraprotective settings
by 8 h and 24 h was achieved significantly in 78% at 8 h and 82% at 24 h of
ECCO2R running. Two SAEs related to ECCO2R use (brain hemorrhage and
pneumothorax). ECCO2R- related AE were reported in 39% of the patients.
Sixty-nine patients (73%) were alive at day 28. Fifty-nine patients (62%)
were alive at hospital discharge.
4d Pragmatic, multi center, open label, randomized controlled and

PLP* based
on siloxane
layer (Alung
Hemolung-
RAS system);
0.59

cost-effectiveness clinical trial. No difference in primary outcome of day 90
all-cause mortality 41.5% in the lower tidal volume ventilation with
extracorporeal carbon dioxide removal group vs. 39.5% in the standard care
group Risk Ratio, 1.05 (95% CI, 0.83—1.33); difference, 2.0% (95% CI,
—7.6% to 11.5%); p = 0.68). Higher rates of adverse events: 168 (52% of
patients) vs. 61 (23% of patients) 65 of these felt to be related to study
intervention. Higher rates of intracranial hemorrhage: 10 vs. 25 were thought
related to the intervention and 3 which resulted in death. Higher rates of
infectious complications (7 vs. 1).

*PLP: polypropylene; **PMP: poly-4-methyl-1-pentene; AE: adverse effects; ARDS: acute respiratory distress syndrome; COPD: chronic obstructive pulmonary
disease; LPV: lung protective ventilation; PECLA: pumpless extracorporeal lung assist; PEEP: positive end-expiratory pressure; Pprar: Plateau pressure; RRT:
renal replacement therapy, Vr: tidal volume; SAE: serious adverse effects; IMV: invasive mechanical ventilation, PBW: predicted body weight, AV: arterio-venous;
iLA: interventional lung assist; VFDs: ventilator free days; VV: veno-venous; RAS: Respiratory Assist System; HLS: Heart-Lung Support; ECMO: extracorporeal
membrane oxygenation; DP: driving pressure.



5. Complications

Although ECCO2R seems to improve or correct hypercap-
nic acidosis, its use is associated with a range of vascular,
hematological, and other complications (Table 2). In a recent
international feasibility trial, ECCOyR-related adverse events
such as catheter displacement or infectious complications were
observed in 2% and membrane lung clotting or bleeding in
14% of patients, highlighting the coagulation/anticoagulation
balance as a key issue [56].

TABLE 2. Complications associated with ECCO3R.
Therapy-related

* Worsening of hypoxemia at the onset of low tidal
ventilation

* Bleeding (pulmonary, gastrointestinal, cerebral)
* Hemolysis
» Consumption coagulopathy
» Thrombocytopenia/thrombopathy
* Air embolism
Catheter-related
* Vascular injury (bleeding)
* Catheter infection
* Thrombosis
* Hematoma, aneurism, pseudoaneurysm
* Distal limb ischemia (AV-ECCO2R)
* Catheter malposition, dislodgement or kinking
* Compartment syndrome
* Accidental arterial insertion (AV-ECCO4R system)
* Recirculation
Device-related
* Pump malfunction
* Oxygenator malfunction
* Heat exchanger failure
* Clot plugging

AV-ECCOs9R: arterio-venous extracorporeal carbon
dioxide removal.

ECCO2R can worsen hypoxemia and increase FiOo re-
quirements due to derecruitment, which can be counteracted
by applying higher levels of PEEP. Lower partial alveolar
oxygen pressure can also result from a reduced lung respiratory
quotient [71-73].

One of the most important differences between AV and
VV configurations is the risk of complications related to the
femoral artery catheterization with partial obstruction of blood
flow and the potential occurrence of limb ischemia.

Hemorrhagic events related to vascular access and antico-
agulation are the most frequent complications of ECCO2R.
The low flow makes systemic anticoagulation necessary, in-
creasing significant bleeding risk, including cerebral, gastroin-
testinal, and nasopharyngeal bleeding. The contact between
blood and the artificial surfaces of the circuit at very low
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flows can lead to a secondary consumption of clotting factors
and associated bleeding complications. Clinically significant
hemorrhagic complications are reported in the range between
2% and 50% [65, 74].

Although most systems are also coated with heparin to
minimize thrombogenicity of the surface as little as possible,
thrombus formation may build-up due to increased exposure
time of the blood in contact with the artificial membrane lung
and circuit due to lower flow rates. Clotting in the system may
reduce or compromise the membrane efficiency or completely
obstruct the circuit if anticoagulation is not achieved. This may
reduce the membrane efficiency and consequently increase
COq levels rapidly. Membrane thrombosis must be considered
a life-threatening event, requiring the immediate substitution
of the circuit.

Heparin-induced thrombocytopenia is rarely
observed. In this case, an albumin or phosphoryl-
choline/phosphatidylcholine coating can be requested

[75].

The careful choice of adequate vascular access is critical in
preventing thrombosis and detecting catheter kinking, preclud-
ing the achievement of target blood flow rates [56]. Catheter
displacement or kinking may also result in pump malfunction
and membrane thrombosis. Hence, subclavian or jugular vein
cannulation is preferred over the femoral vein access when
a high body mass index or intraabdominal hypertension is
present. Intravascular hemolysis also has been reported.

6. Future perspectives

ECCOg4R effectively allows the implementation of protective
or ultra-protective ventilation in patients with ARDS. How-
ever, current data do not demonstrate efficacy in improving
patient-centered outcomes. Further investigations, warranted
to establish the overall clinical effect of ECCO4R in patients
with ARDS, will need to address several important issues
regarding, among others, the definition of optimal blood flow
and hence circuit configuration, the definition of optimal tar-
get of pH, COo, tidal volumes and alveolar distending pres-
sures, and the definition of optimal anticoagulation strategies.
These advancements will also clarify whether ECCOsR should
be applied in all patients with ARDS, only in specific sub-
phenotypes, or whether a personalized mechanical ventilation
strategy, including ECCO2R, should be delivered to each pa-
tient based on specific disease characteristics and risk factors.

7. Summary and recommendations

ECCO2R may be a promising adjuvant therapeutic strategy to
reduce the injury induced by mechanical ventilation.

In a recent European consensus on using ECCO3R for ul-
traprotective ventilation in ARDS patients, driving pressure
with plateau pressure optimization was the main criteria for
commencement of the technique. The clinical targets were
pH >7.30, respiratory rate <20-25 breaths/min, Ppr a7 <25
c¢cmH>O and driving pressure <14 cmH2O [76]. At the mo-
ment, ECCO3R in patients with ARDS should not be used in
patients outside clinical trials.

Future studies that harness the potential benefits of ECCO;R
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without increasing the risk of other complications are needed
to progress this technology.
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Abstract

In spite of supportive care of patients with acute respiratory distress syndrome (ARDS),
morbidity and mortality of these patients are considerable and effective therapies
centred in ARDS pathophysiology are needed. Substantial progress in pharmacological
therapies has been noticed, however, several studies have not been successfully
translated to the clinics. Nonetheless, many preclinical and clinical studies are
ongoing. In this review, pharmacological therapies underlying ARDS pathophysiology
are summarized: therapies targeting the alveolocapillary membrane, mucolytics,
bronchodilators, immunomodulators, anticoagulants and fibrinolytics, aspirin, and other
treatments are discussed, including both, studies with beneficial and controversial
results, and ongoing trials. In addition, a section concerning preclinical studies is
included. An enlarged understanding of ARDS pathophysiology and its fundamental
pathways and mechanism, together with the identification of ARDS subsets of patients
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and phenotypes will maximise patient response to a specific treatment.
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Acute respiratory distress syndrome (ARDS); Acute lung injury; COVID-19; Sepsis

1. Introduction

Acute respiratory distress syndrome (ARDS) is an acute hy-
poxemic respiratory failure in critically ill patients of all ages
[1]. This syndrome may originate from multiple insults that
affect directly the lung (pneumonia or aspiration of gastric
contents, among others), or systemic insults that will develop
ARDS as a consequence of the primary disease (sepsis or
trauma, among others) [1]. Recent clinical ARDS categories
include patients with Coronavirus disease 2019 (COVID-19)
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [2]. ARDS is heterogenic based on its etiology,
illness severity, duration, and individual patient characteristic,
determining the course of the disease. Morbidity and mortality
of ARDS remain high [3, 4], about 35-40%. Most surviving
patients experience persistent and prolonged physical, mental
and quality-of-life impairment, requiring specific medical at-
tention after recovery of ARDS [5].

The pathophysiology of ARDS is characterized by the
breakdown of the alveolar-capillary barrier, which leads to
proteinaceous edema and neutrophils infiltration into the
alveolar compartment, with pulmonary activated coagulation
and inflammation, and decreased fibrinolysis [1, 6, 7].
Nowadays there is no single biomarker able to identify ARDS
nor its underlying biology.

Currently, the management of ARDS patients is mainly sup-
portive and preventive, and specific effective pharmacological
therapy is not available yet. Despite years of research and
knowledge, several preclinical and clinical studies have not
been successfully translated. However, science is increasingly

advancing day by day, and many treatments focused on ARDS
pathophysiology are underway, and many others have emerged
during the actual COVID-19 pandemic. Progressive under-
standing of the pathways and mechanisms involved in this
disease, together with the identification of subsets of patients
underlying ARDS might improve treatment response.

This narrative review is focused on the pharmacological
therapies that have been proposed to treat adult ARDS, high-
lighting their beneficial and controversial effects, especially on
those therapies that are ongoing but without excluding those
that did not work. To better understand the mechanisms of the
different therapies for adult ARDS, in some sections, studies
on neonate/pediatric ARDS (soluble guanylate cyclase surfac-
tant, budesonide) or studies for sepsis (Bevacizumab, Levosi-
mendan Hydrocortisone, Vitamin C, Sivelestat Sodium, anti-
TF antibody-836 (ALT-836), Antithrombin, thrombomodulin
alfa-123 (ART-123), Drotrecogin alfa) have been introduced.
Clinical studies have been found in Home-Clinical Trials. gov
or PubMed (nih.gov).

The article is divided into therapies targeting the alveolocap-
illary membrane, mucolytics, bronchodilators, immunomod-
ulators, anticoagulants and fibrinolytics, aspirin, and other
treatments, including data of relevant preclinical and clinical
studies and highlighting those that are ongoing (Fig. |, Ta-
ble 1). The different therapies are classified according to their
main actions on target key processes and pathways of ARDS
complex pathophysiology, but this does not exclude that one
therapy do exert its effects through different systems. Also,
there is a section for preclinical treatments which have not been
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FIGURE 1.
therapies.

tested yet in clinical trials.

2. Alveolocapillary membrane

Damage into the alveolocapillary membrane drives the loss
of epithelial and endothelial barrier integrity, which leads to
protein-rich edema extravasation and leukocytes infiltration
into the alveolar compartment [8].

2.1 ACE2

The renin-angiotensin system (RAS) is involved in ARDS
pathophysiology. Patients with ARDS present increased levels
of Angiotensin II, a vasoconstrictor involved in inflammation
and pulmonary edema that exerts its activities through an-
giotensin type I receptor [9]. Angiotensin Converting enzyme
II (ACE2) hydrolyses Angiotensin II producing Angiotensin
1-7, which has been found to be protective in experimental
models. In a randomized phase 2a clinical study, GSK2586881
(recombinant human ACE2) was administered as an exoge-
nous ACE2, in order to hydrolize Angiotensin II, and proved
safety but did not improve clinical outcomes in ARDS patients
requiring mechanical ventilation [10].

In patients with COVID-19, SARS-CoV-2 is known to bind
ACE2; both membrane-bound (mACE2) and soluble (sACE2)
forms. However, only mACE2 mediates the virus entrance into
the cell, but not SACE2. Angiotensin type I receptor blockers
increase the levels of Angiotensin II, which stimulates ACE2
shedding; sACE2 catalyzes the conversion of Angiotensin II
to Antiotensin 1-7 while also binds SARS-CoV-2 blocking its
entrance to the host cells. Presently, there is an ongoing ran-
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Acute respiratory distress syndrome and proposed preclinical and clinical specific pharmacological

domized phase 2 trial with oral 50 mg Losartan (an angiotensin
type I receptor blocker) and 25 mg Spironolactone (a blocker
of aldosterone secretion) in patients with COVID-19-ARDS
(NCT04643619).

2.2 Alveolar epithelium

The alveolar epithelium has a key role in ARDS severity [11].
It is composed of alveolar type I cells (ATI cells), which cover
the 95% of alveolar surface and are the major responsible of
gas exchange, and alveolar type II cells (ATII cells), which
are the progenitor cells of the alveolar epithelium and can
proliferate and differentiate into ATII cells. ATII cells also
produce surfactant. Both cell types are critical in ion transport
and present immunologic functions [12, 13].

2.2.1 Surfactant

ATII cells produce and recycle pulmonary surfactant, which
is composed of proteins and lipids. Surfactant maintains
the alveolar surface tension and presents antimicrobial and
host defense functions [14]. ATII cells injury together with
the presence of proteins and enzymes in the edema induce
surfactant dysfunction [15].

In pediatric patients, exogenous surfactant evidenced bene-
fits. In the ULTRASURF randomised controlled trial, the lung
ultrasound scores improve the time of surfactant administration
and prove better oxygenation after early treatment with surfac-
tant in premature newborns [16].

In a randomized controlled trial, continuously nebulized
synthetic surfactant for five days in patients with sepsis-
induced ARDS did not impact 30-day survival, duration



TABLE 1. Acute respiratory distress syndrome clinical studies of pharmacological therapies.

Therapeutic agent

Recombinant
human ACE2
(GSK2586881)

Losartan and
Spironolactone

Synthetic surfac-
tant

Recombinant sur-
factant protein C

Poractant Alfa

Poractant Alfa

AP301
(Solnatide)

AP301
(Solnatide)

Recombinant
hKGF
(palifermin)

L-citrulline

L-citrulline

sGC activator
(BAY 1211163)

Iloprost

Epoprostenol

Iloprost

Route of Ad-
ministration

Intravenous

Oral

Aerosolized
Intratracheal
Through

bronchoscopy

Endotracheal
instillation or
bronchial
fibroscopy

Inhaled

Inhaled

Intravenous

Intravenous

Oral, dietary

supplement
Inhaled

Inhaled

Inhaled

Inhaled

Mechanism of
action

ALVEOLOCAPILLARY MEMBRANE

Severity of ARDS

RAS related signalling

Cleavage of
Angiotensin II to
Angiotensin 1-7

Blocking
angiotensin
receptor and
secretion of
aldosterone.

ARDS patients requiring
mechanical ventilation
for <72 h

COVID-19 ARDS

Alveolar epithelium

Replace
surfactant

Replace
surfactant

Replace
surfactant

Replace
surfactant

Activation
alveolar
epithelium Na™
channels

Activation
alveolar
epithelium Na™
channels
ATII cell
proliferation,
migration, and
regeneration

Sepsis-induced ARDS

Various etiologies

COVID-19 ARDS

COVID-19 ARDS

ARDS patients requiring
mechanical ventilation

Moderate-to-severe
ARDS

Not specified

Alveolar endothelium

Substate of NOS

Substrate of NOS

Conversion of
GTP into cGMP

Prostacyclin
analogue,
vasodilatation

Prostacyclin
analogue,
vasodilatation

Prostacyclin
analogue,
vasodilatation

Sepsis-induced ARDS

COVID-19 ARDS

Moderate or severe
ARDS

Not specified

COVID-19 ARDS

COVID-19 ARDS
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Trial state

Phase 2

Phase 2

Not Ap-
plicable

Phase 3

Not Ap-
plicable

Phase 2

Phase 2a

Phase 2b

Phase 2

Phase 2
Not Ap-
plicable
Phase 1

Phase 3

Phase 2

Phase 2
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Stage of
testing

Completed

Recruiting

Completed
Completed
Completed

Recruiting

Completed

Recruiting

Completed

Completed,
unpub-
lished

Completed,
unpub-
lished

Recruiting

Completed,
unpub-
lished

Completed,
unpub-
lished

Recruiting

Reference/
Identifier

[10]

NCT04643691

NCT04502433/
NCT04384731

NCT03567577

[29]

NCT01474863

NCT04404426

NCT04609943

NCTO03111212

NCT04452669

NCT04445246
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Bevacizumab

Bevacizumab

Levosimendan

N-acetylcysteine
N-acetylcysteine

Dornase alfa

Dornase Alfa

Salbutamol

Salbutamol

Salbutamol
Albuterol

Dornase Alfa and
albuterol

Cisatracurium

Cisatracurium

Dexamethasone

Dexamethasone

Dexamethasone

Dexamethasone
and Methylpred-
nisolone

TABLE 1. Continued.

Intrvenous Anti-VEGF Sepsis-induced ARDS
Intrvenous Anti-VEGF COVID-19 ARDS
Intravenous K channel Sepsis
activator
MUCOLYTICS
Intravenous Mucolytic ARDS patients requiring
mechanical ventilation
Intravenous Mucolytic Moderate-to-severe
COVID-19
Inhaled Cleaving COVID-19 ARDS
extracellular
DNA in NETs
Inhaled Cleaving COVID-19 ARDS
extracellular
DNA in NETs
BRONCHODILATORS
Intravenous Beta-adrenergic ~ ARDS patients requiring
agonist mechanical ventilation
Intravenous Beta-adrenergic =~ ARDS patients requiring
agonist mechanical ventilation,
ICU
Intravenous Beta-adrenergic =~ ARDS patients requiring
agonist mechanical ventilation
Inhaled Beta-adrenergic ~ ARDS patients requiring
agonist mechanical ventilation
Inhaled Beta-adrenergic =~ ARDS patients requiring
agonist mechanical ventilation,
COVID-19 ARDS
NEUROMUSCULAR BLOCKERS
Intravenous Blocking ICU patients
cholinergic
receptors
Intravenous Blocking Moderate-to-severe
cholinergic ARDS
receptors
IMMUNOMODULATIONS
Steroids
Intravenous Anti- Moderate-to-severe
inflammatory and ARDS requiring
immunosupressor  mechanical ventilation
Intravenous Anti- COVID-19 ARDS
or oral inflammatory and
Immunosupressor
Intravenous Anti- COVID-19 ARDS
inflammatory and
immunosupressor
Intravenous Anti- COVID-19 ARDS
inflammatory and
Immunosupressor
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Phase 2
Phase 2

Phase 2

Not Ap-
plicable

Not Ap-
plicable

Phase 3

Phase 2

Not Ap-
plicable

Phase 2
Phase 2
Phase 3
Not Ap-
plicable
Not Ap-

plicable

Not Ap-
plicable

Not Ap-
plicable

Not Ap-
plicable

Phase 4

Phase 3

Withdrawn NCTO01314066
Completed, NCT04275414

unpub-

lished
Recruiting NCT04020003
Completed [41]
Completed [42]
Terminated NCT04355364
Recruiting NCT04402944
Completed [45]
Completed [46]
Completed [47]
Completed [48]

Completed, NCT04387786

unpub-

lished
Completed [50]
Completed [51]
Completed [60]
Completed [61]
Recruiting NCT04663555
Recruiting NCT04499313



Hydrocortisone

Methylprednisolone

Methylprednisolone

Methylprednisolone

Canrenone

Budesonide

Budesonide

Budesonide

Budesonide

Budesonide and

surfactant

Simvastatin

Rosuvastatin

CO

MultiStem

hMSCs

Intravenous

Intravenous

Intravenous

Intrapleural

Intravenous

Inhaled

Inhaled

Inhaled

Intratracheal

Intratracheal

Oral

Oral

inhaled

Intravenous

Intravenous

TABLE 1. Continued.

Anti-
inflammatory and
immunosupressor

Anti-
inflammatory and
immunosupressor

Anti-
inflammatory and
immunosupressor

Anti-
inflammatory and
immunosupressor

Diuretic

Anti-
inflammatory and
immunosupressor

Anti-
inflammatory and
Immunosupressor

Anti-
inflammatory and
immunosupressor

Anti-
inflammatory and
immunosupressor

Anti-
inflammatory and
immunosupressor

HMG-CoA
reductase
inhibitor, im-
munomodulatory
HMG-CoA
reductase
inhibitor, im-
munomodulatory

Sepsis-induced ARDS

Severe

Severe ARDS

ARDS and multi-organ
dysfunction syndrome

COVID-19
moderate-to-severe
ARDS

Not specified

ARDS patients requiring
mechanical ventilation

Paediatric

Neonatal severe ARDS
with mechanical
ventilation

Preterm infants

Statins
ARDS diagnosed <48 h

ARDS and suspected
infection

Carbon monoxide

Down-regulation
NLRP3,
anti-apoptotic,
anti-inflammatory

Intubated patients

Mesenchymal Stromal Cells

Immunomodulatory ~ Moderate-to-severe

and reparative
effects

ARDS patients requiring
mechanical ventilation

Immunomodulatory ~ Moderate-to-severe

and reparative
effects

ARDS patients requiring
mechanical ventilation
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Not Ap-
plicable

Not Ap-
plicable

Not
specified

Phase 2

Phase 2

Phase 2

Not Ap-

plicable

Phase 2

Not Ap-

plicable

Not Ap-
plicable

Phase 2b

Not Ap-
plicable

Phase 2

Phase 1/2

Phase 2a
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Completed [62]
Completed [63]
Completed [64]

Completed, NCTO01423864

unpub-
lished

Notyet  NCT04977960
recruiting
Completed [65]
Completed [66]
Terminated NCT04064684
Completed [67]
Completed [68]
Completed [70]
Completed [71]
Recruiting NCT03799874
Completed [77]
Completed [78]



_Jn— Signa Vitae

hMSCs

CD362 enriched
MSCs

ACE2~MSCs

T-regulatory cells

Treg/Th2 hybrid
cells

Vitamin C
Vitamin C

Vitamin C

Vitamin C

Ulinastatin

Dilmapimod
Anti-TNRF1
Tocilizumab
Tocilizumab
Imatinib
Pirfenidone
Pirfenidone
Vadadustat
Otilimab

Lenzilumab

TJ0023234
Sargramostim

Mavrilimumab

Sivelestat sodium

Intravenous

Intravenous

Intravenous

Intravenous

Intravenous

Intravenous
Oral

Intravenous

Intravenous

Intravenous

Intravenous
Inhaled
Intravenous
Intravenous
Oral
Oral
Nasogastric
Oral
Intravenous

Intravenous

Intravenous
Intravenous

Intravenous

Intravenous

TABLE 1. Continued.

Immunomodulatory =~ Moderate-to-severe
and reparative ARDS patients requiring
effects mechanical ventilation

Immunomodulatory ARDS patients requiring
and reparative mechanical ventilation,

effects COVID-19
Immunomodulatory COVID-19 ARDS
and reparative
effects
Regulatory T-cells
Promoting COVID-19 ARDS
homeostasis
Decreasing Thl COVID-19 ARDS
response
Vitamin C
Antioxidant Sepsis-induced ARDS
Antioxidant COVID-19 ARDS
Antioxidant COVID-19 ARDS
Antioxidant Sepsis-induced ARDS
Ulinastatin
Urinary trypsin ARDS patients requiring
inhibitor mechanical ventilation
Inhibitors
P39MAPK Patients at risk
inhibitor
Antagonizes LPS-induced
TNF-« experimentally

COVID-19 ARDS
COVID-19 ARDS

Blocking IL-6
Blocking IL-6

Tyrosine kinase LPS-induced

inhibitor experimentally
Inhibition NLRP3 COVID-19 ARDS
Inhibition NLRP3 COVID-19 ARDS,
severe
Increasing EPO COVID-19 ARDS
production
Anti-GM-CSF COVID-19 ARDS
Anti-GM-CSF COVID-19 ARDS
Anti-GM-CSF COVID-19 ARDS
Anti-GM-CSF COVID-19 ARDS
Anti-GM-CSF COVID-19 ARDS
Neutrophil- ARDS patients requiring
proteases mechanical ventilation,
inhibitors ICU
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Phase 2b

Phase 1/2

Not Ap-
plicable

Phase 1/2

Phase 1/2

Phase 2

Not Ap-
plicable

Not Ap-
plicable

Phase 3

Not Ap-
plicable

Phase 2

Phase 1

Phase 2/3

Phase 3
/Not
applicable

Phase 1

Phase 3

Not Ap-
plicable

Phase 2

Phase 2
Phase 3

Phase 2/3
Phase 2

Not Ap-
plicable

Not Ap-
plicable

Recruiting

Active

Completed

Recruiting

Terminated

Completed
Completed

Completed

Not yet
recruiting

Completed

Completed
Completed

Completed

Recruiting

Completed,
unpub-
lished

Unknown

Recruiting
Recruiting

Completed

Completed,
unpub-
lished

Recruiting
Recruiting

Completed

Completed

NCT03818854
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NCT04282902
NCT04653831
NCT04478071
NCT04376684

NCTO04351152

NCT04341116
NCT04400929

[107]



Sivelestat sodium

Sivelestat sodium

Sivelestat sodium

SNGO001
(Interferon G-
la)

FP-1201
(Interferon 5-
la)

GM-CSF
rhGM-CSF

Molgramostim
(rhGM-CSF)

ALT-836

ALT-836

Tifacogin

Antithrombin

Heparin

Heparin

Heparin

Heparin

Heparin

ART-123

Rh thrombomod-
ulin and sivelestat

ART-123

Drotrecogin alfa

Intravenous

Intravenous

Intravenous

Inhaled

Intravenous

Intravenous
Inhaled
Inhaled

Intravenous

Intravenous

Intravenous

Intravenous

Inhaled

Inhaled

Inhaled

Inhaled

Inhaled

Intravenous

Intravenous

Intravenous

Inhaled

TABLE 1. Continued.

Neutrophil-
proteases
inhibitors

Neutrophil-
proteases
inhibitors

Neutrophil-
proteases
inhibitors

Anti-
inflammatory,
anti-fibrotic,
antiviral
Anti-
inflammatory,
anti-fibrotic,
antiviral

Immunomodulatory
Immunomodulatory

Immunomodulatory

not specified

Sepsis-induced ARDS

not specified

Others
COVID-19 ARDS

Moderate-to-severe
ARDS

not specified
Pneumonia
COVID-19 induced

Not Ap-
plicable

Phase 3

Phase 4

Phase 2

Phase 3

Phase 2
Phase 2
Phase 2

ANTICOAGULANTS AND FIBRINOLYTICS

Anti-TF

Anti-TF

Recombinant
TFPI, modulates
extrinsic
coagulation
pathway

Inhibition
procoagulant
thrombin

Anticoagulant
Anticoagulant
Anticoagulant

Anticoagulant

Anticoagulant

Cleaving protein
C

Cleaving protein
C

Cleaving protein
C

rh Protein C

ARDS patients requiring
mechanical ventilation

Sepsis-induced ARDS

Pneumonia

Sepsis-induced ARDS

ARDS patients requiring
mechanical ventilation

ARDS patients requiring
mechanical ventilation

ARDS patients requiring
mechanical ventilation

Inhalation trauma ARDS

COVID-19 ARDS
patients requiring
mechanical ventilation

Sepsis-induced

ARDS and disseminated
intravascular
coagulation

Sepsis-induced ARDS,
ICU

not specified
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Phase 1

Phase 2
Phase 3

Phase 3

Phase 1
Phase 2
Phase 3
Not Ap-
plicable
Phase 2/3

Phase 2b

Not Ap-
plicable

Phase 3

Not Ap-
plicable
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Completed

Recruiting

Not yet
recruiting

Completed

Completed

Completed
Active

Recruiting

Completed

Completed
Completed

Completed

Completed

Completed

Completed

Completed

Recruiting

Completed

Completed

Completed

Completed
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NCT04909697
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NCT00879606
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TABLE 1. Continued.

Drotrecogin alfa Intravenous rh Protein C Sepsis-induced ARDS Phase 3 Completed [143]
Streptokinase Nebulized Conversion Severe Phase 3 Completed [144]
plasminogen to
plasmin
ASPIRIN
Aspirin Oral Cyclooxygenase not specified Phase 2b  Completed [145]
pathway inhibitor
Aspirin Oral Cyclooxygenase = ARDS patients requiring ~ Phase 2 Terminated NCT02326350
pathway inhibitor =~ mechanical ventilation
OTHERS
Alpha-1 Intravenous Serine protease COVID-19 ARDS Not Completed [147]
antitrypsin inhibitor applicable
TRPV4 inhibitor Inhaled Decreasing Healthy volunteers Phase 1 Terminated NCTO03511105
inflammation
FP-025 Inhibits MMP12 COVID-19 ARDS Phase 2/3  Recruiting NCT04750278
Sevoflurane Inhaled Anesthetic, anti- COVID-19 ARDS Not Completed [153
inflammatory applicable
Inhal . .
Sevoflurane nhaled/ Anesthetic, anti- COVID-19 ARDS Phase 3 Completed, NCT04355962
Intravenous .
inflammatory unpub-
lished
Sevoflurane Inhaled Anesthetic, anti- Moderate-to-severe Phase 3 Notyet  NCT04530188
inflammatory ARDS recruiting

ACE2: angiotensin converting enzyme 2; ALT-836: anti-TF antibody; ARDS: Acute Respiratory Distress Syndrome; ART-123:
thrombomodulin alfa; ATII: alveolar type II epithelial cell; CD362: cluster of differentiation 362; cGMP: cyclic guanosine
monophosphate; CO: carbon monoxide; COVID-19: Coronavirus Disease 2019; EPO: erythropoietin; FP-025: MMPI2
inhibitor; FP-1201: recombinant human interferon-3;, GM-CSF: granulocyte-macrophage colony-stimulating factor;, GTP:
guanosine-35 -triphosphate; hKGF: human keratinocyte growth factor; HMG-CoA: 3-hydroxy-3-methylglutaryl coenzyme A;
hMSC: mesenchymal stem cell; ICU: intensive care unit; IL-6.: interleukin-6, LPS: lipopolysaccharide; MMPI2: matrix
metallopeptidase 12; NETs: neutrophil extracellular traps; NLRP3: NOD-like receptor family pyrin domain containing 3; NOS:
nitric oxide synthase; P39MAPK: P39 mitogen-activated protein kinase; RAS: rat sarcoma virus; rh: recombinant human; sGC:
soluble guanylyl cyclase; SNG0O01: interferon-f3 drug, TFPI: tissue factor pathway inhibitor;, Th2: T helper cell type 2; TNF:
tumor necrosis factor, TNRF1: tumor necrosis factor receptor 1; Treg: T regulatory cell; TRPV4: transient receptor potential

vanilloid 4; VEGF: vascular endothelial growth factor.

of mechanical ventilation nor physiologic function [17].
However, in a randomized controlled phase 3 trial intratracheal
recombinant surfactant protein C in patients with ARDS from
various etiologies did improve gas exchange but not survival
[18, 19]. In a post hoc analysis, recombinant surfactant protein
C proved to decrease mortality in patients with ARDS due to
pneumonia or aspiration [20].

Surfactant replacement has also been proposed for COVID-
19. In a retrospective analysis, poractant alfa (Curosurf), a
surfactant replacement therapy, administered through a bron-
choscopy, proved to be safe and produce a non-significant 28
days mortality reduction in adult COVID-19-ARDS patients
[21]. Presently, phase 2 studies to evaluate efficacy and
safety of three poractant alfa (Curosurf) administrations by
endotracheal instillation every 24 h, or 3 mL/kg of porac-
tant alpha (Curosurf) administered by bronchial fibroscopy in
adult ARDS patients due to COVID-19 are being conducted
(NCT04502433 and NCT04384731).
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2.2.2 AP301

Transepithelial ion transport is affected by alveolar epithelium
injury, which impairs excess liquid removal from the alveolar
space [22]. AP301 (Solnatide) is a synthetic peptide that has
been proved to activate alveolar epithelium sodium channels
[23].

In a phase 2a randomized controlled trial inhaled AP301 ev-
ery 12 h for 7 days in patients with ARDS requiring mechanical
ventilation decreased extravascular lung water and ventilation
pressures over 7 days in patients with Sepsis related Organ
Failure Assessment (SOFA) scores >11 [24, 25]. Currently,
there is a phase 2b randomized controlled dose-escalation
study to determine the safety of multiple ascending doses (5
mg, 60 mg, 125 mg) inhaled every 12 h through 7 days in
patients with moderate-to-severe ARDS (NCT03567577) [26].

2.2.3 Keratinocyte Growth Factor

Keratinocyte Growth Factor (KGF) is an epithelial growth fac-
tor that induces ATII cells proliferation and promotes migration



and regeneration of the alveolar epithelium. Because of its
action on ATII cells, KFG also maintains ionic transport and
surfactant functions of ATII cells [27]. In preclinical models
of acute lung injury, KGF decreased infiltration of neutrophils
in the alveoar space, edema, permeability and epithelial injury
[28].

In the phase 2 of keratinocyte growth factor for the treatment
of the ARDS (KARE) randomised clinical trial, intravenous
palifermin, a recombinant human KGF, did not ameliorate
physiological nor clinical outcomes in patients with ARDS.
Although the study was not powered to assess ventilation
and mortality, those were higher in patients that received
palifermin [29]. Authors recommended not to use KGF to
treat ARDS patients, however they also specified that the
study was performed in a heterogeneous population regarding
ARDS etiology, and that focus KGF therapy on an ARDS
subphenotype might be a better option to determine KGF
response.

2.3 Alveolar endothelium

The alveolar endothelium is exposed to higher oxygen tensions
while maintaining low-pressure blood flow compared to the
systemic vascular endothelium. When there is a damage,
injured alveolar endothelium promotes the destruction of the
vascular bed and the expression of proinflammatory, reactive
oxygen species and recruitment molecules, together with en-
hanced procoagulant activity and clot formation [14].

2.3.1 Nitric Oxide Synthase

Citrulline is the substrate of nitric oxide synthase (NOS)
and lower levels are linked to decreased functional gut mass
[30]. A randomized phase 2 study of intravenous citrulline
revealed no effectivity in ARDS patients with severe sepsis,
although the completion of the study has not still been
published (NCT01474863). Another randomized trial with
dietary enterally L-citrulline administration in patients with
COVID-19-ARDS has finished and the results have to be
published (NCT04404426).

After the conversion of arginine into citrulline, the NOS
produces the gas nitric oxide (NO). Inhaled NO has been
demonstrated to improve oxygenation but does not reduce
mortality and might be harmful in 14 randomized controlled
trials in adults with ARDS [31].

NO activates soluble guanylate cyclase (sGC), which con-
verts GTP into cGMP. Oxidative stress decreases the NO-sGC-
cGMP pathway with sGC inactivation. The therapeutic use of
sGC modulators is centered on ameliorations in alveolar and
vascular development of premature neonatal lungs not prop-
erly developed [32]. In a chronic hypoxia-induced newborn
rat model, the administration of BAY41-2272 (sGC-cGMP
stimulator) or sildenafil (cGMP-specific phosphodiesterase 5
inhibitor) results in pulmonary vascular resistance, which is
reduced when those treatments are combined [33]. Presently,
in a phase 1 clinical study multiple doses (three times a day for
a week) of BAY 1211163 by inhalation are being administered
in patients with ARDS, in order to determine the safest dose
(NCT04609943).
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2.3.2 Prostacyclin

Iloprost is a synthetic analogue of prostacyclin and its
aerosolization results in selective pulmonary vasodilatation.
A randomized phase 2 clinical trial with inhaled iloprost
for 5 days in ARDS patients is being conducted (Thllo)
(NCTO03111212) [34]. Concerning COVID-19, a phase 2
randomized controlled trials with inhaled epoprostenol in
severe patients with COVID-19 (VPCOVID) (NCT04452669)
was presently completed although results have not still been
published, and a phase 2 randomized clinical trial with iloprost
in COVID-19 patients ILOCOVID) (NCT04445246) is being
performed.

2.3.3 Anti-Vascular Endothelial Growth Factor

Vascular endothelial growth factor (VEGF) increases lung
vascular permeability [35]. In a preclinical model of increased
permeability and pulmonary edema in mice, Bevacizumab
(anti-VEGF) histological analysis revealed reduced edema
fluid, decreased lung wet-to-dry ratio and bronchoalveolar
lavage protein levels [36]. A phase 2 clinical trial with a
single intravenous bevacizumab administration in patients
with severe sepsis was withdrawn due to underfunding
(NCT01314066). Nevertheless, in two cases of COVID-19
induced atypical pneumonia, Bevacizumab ameliorated
patients outcome [37]. A phase 2 study with intravenous
500 mg Bevacizumab in patients with severe COVID-19
was just completed but results have not been published yet
(NCT04275414).

2.3.4 Levosimendan

Levosimendan is a calcium sensitizer that opens adenosine
triphosphate-dependent potassium channels with vasodilator
effects [38]. A randomized phase 3 study with 0.5 mL/h
of levosimendan in patients with ARDS is being conducted
(NCT04020003). In a randomized controlled pilot study lev-
osimendan ameliorates right ventricular performance and pul-
monary vasodilator effect in septic patients with ARDS [39].
Secondary analysis of randomized controlled trials in septic
patients reveal that the survival of the levosimendan group was
lower [40].

3. Mucolytics

The respiratory tract contains secretions composed by mucin
glycoproteins, but in patients with respiratory diseases the
mucus presents a higher viscosity. N-acetylcysteine is an
antioxidant derived from the amino acid cysteine and is the
most widely recommended mucolytic. In a randomized clini-
cal trial 150 mg/kg of N-acetylcysteine produced a significant
difference in the consciousness of ARDS patients requiring
mechanical ventilation [41]. A pilot study of intravenous N-
Acetylcysteine in patients with mild-to-moderate COVID-19
did not prove benefit [42].

Neutrophil extracellular traps (NETs) and damage-
associated molecular patterns (DAMPs) resulting from the
inflammatory response contain extracellular DNA among
other compounds [43]. Dornase alfa is a recombinant
human Deoxyribonuclease (DNAse 1) commonly used in the
treatment of cystic fibrosis. It acts as a mucolytic by cleaving
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extracellular DNA, thereby facilitating airway clearance and
reducing alveolar hyper-inflammation [44]. The terminated
phase 3 COVIDornase study (NCT04355364) and another
phase 2 study (NCT04402944) in recruitment stage propose
inhaled Dornase alfa therapy for ventilated patients with
COVID-19-related ARDS.

4. Bronchodilators

Beta-adrenergic agonists (32 agonists) have a beneficial effect
in alveolar fluid clearance and permeability. Salbutamol is
a beta-adrenergic agonist. In a randomized controlled trial
intravenous salbutamol for 7 days decreased extravascular lung
water in patients with ARDS requiring mechanical ventilation
[45]. However, in a randomized phase 2 trial intravenous
salbutamol for up to 7 years was poorly tolerated and did
not present benefit in patients with ARDS [46]. In another
randomized phase 2 clinical trial, intravenous salbutamol early
in the development of ARDS was not safe [47].

Nebulized bronchodilators have also been proposed. In
randomized clinical trial nebulized albuterol did not improve
clinical outcomes in patients with ARDS [48]. A clinical trial
with nebulized Dornase Alfa co-administered with abuterol in
patients with COVID-19 requiring mechanical ventilation has
just been completed but results have not still been announced
(NCT04387786). Also, there is an ongoing phase 1 study com-
paring nebulized lidocaine, salbutamol and beclomethasone
plus salbutamol in patients with COVID-19-ARDS and non-
invasive ventilation (NCT04979923).

5. Immunomodulation

5.1 Neuromuscular blockers

The neuromuscular transmission is blocked by neuromuscu-
lar blocking agents at the neuromuscular junction, in order
to minimize volutrauma, ventilator-induced lung injury, and
biotrauma [49].

In a multicenter randomized trial, the early administration of
neuromuscular-blocking agent cisatracurium in patients with
moderate to severe ARDS improved 90-day survival and the
time off the ventilator [50]. However, in another clinical
trial, and early and continuous infusion of cisatracurim did not
decrease 90-day mortality in patients with moderate-to-severe
ARDS [51]. Current evidence favors avoiding a continuous in-
fusion of neuromuscular blockers in patients with mechanical
ventilation but use a lighter sedation strategy, and for patients
who need a deep sedation to facilitate lung protective ventila-
tion or prone positioning, to infuse neuromuscular blockers for
48 h is a reasonable option [52].

5.2 Steroids

Steroids are powerful anti-inflammatory and anti-fibrotic
drugs that may lead to high-risk infections due to the
suppression they exert on the immune system.

Clinical trials suggest that steroid treatment in ARDS pa-
tients would be indicated at the onset of the pathology. Admin-
istered corticosteroids 72 h after ARDS diagnosis decreased
lung damage and increased ventilator weaning [53]. A meta-
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analysis in ARDS patients concluded that low-dose corticos-
teroids in early ARDS significantly reduced mortality and the
duration of mechanical ventilation, whereas high doses did not
[54]. A different meta-analysis shows that steroid treatment
improves mortality and promotes shorter ventilation periods
[55]. In contrast, in patients with influenza pneumonia, the
early use of steroid therapy is associated with increased mortal-
ity [56, 57]. Nonetheless, studies in patients with community-
acquired pneumonia treated with corticosteroids showed a re-
duced risk of treatment failure [58], reduced mortality, hospital
stay and need for mechanical ventilation [59].

Dexamethasone is one of the most clinically used steroids
for treatment. In a phase 2/3 trial patients with moderate-
to-severe ARDS requiring mechanical ventilation were intra-
venously administered with dexamethasone (20 mg for 5 days,
then 10 mg for the next 5 days) and presented an increase in
the number of ventilator-free days and reduced mortality [60].

In COVID-19 patients, treatment with dexamethasone (in-
travenous or oral, 6 mg/day for 10 days) resulted in a lower
incidence of death in those patients requiring invasive me-
chanical ventilation compared to those not requiring ventilator
support [61]. Some of the clinical trials now recruiting are
the phase 4 REMED study (NCT04663555), which aims to
test two different doses (6 mg vs. 20 mg) of intravenous
dexamethasone in SARS-CoV-2-induced ARDS patients. Or a
phase 3 study that aims to compare intravenous treatment with
dexamethasone or methylprednisolone in COVID-19 patients
with ARDS (NCT04499313).

Regarding hydrocortisone, in a trial, patients with ARDS-
associated sepsis were treated with a dose of 50 mg every 6
h within 12 h of their ARDS diagnosis. The treated group
showed improvements in pulmonary physiology, but not a
decrease in mortality compared to the placebo group [62].

Another of the most investigated corticosteroids for future
therapies is methylprednisolone. In 24 patients with severe
ARDS methylprednisolone (2 mg/kg/day for 32 days) de-
creased in-hospital and ICU mortality [63]. In the first 72 h,
patients with ARDS were treated with an infusion of methyl-
prednisolone (1 mg/kg/day) for 28 days, and had decreased
C-reactive protein, mechanical ventilation and mortality [64].
A phase 2 study proposed intrapleural administration of the
steroid Solumedrol (methylprednisolone) versus conventional
treatment with extracorporeal membrane oxygenation and in-
travenous steroid administration. Results are not yet available
(NCT01423864).

The MINECRAFT phase 2 study, aims to study the efficacy
of administering canrenone, a steroidal antimineralocorticoid,
intravenously in moderate-to-severe ARDS patients due to
SARS-CoV-2 infection (NCT04977960).

A recently explored field is the administration of inhaled
steroids. Early treatment consisting of inhaled budesonide
together with a beta-agonist in patients at risk of developing
ARDS improved oxygenation [65]. Another study where neb-
ulised budesonide was administered also improved oxygena-
tion and reduced proinflammatory cytokines (Tumor necrosis
factor-ac (TNF-«), Interleukin (IL)-15 and IL-6) [66]. There
is a phase 2 study in paediatric ARDS patients with inhaled
budesonide (NCT04064684). In neonatal patients with severe
ARDS requiring mechanical ventilation, intratracheal treat-



ment with budesonide and surfactant resulted in a decreased
incidence of bronchial dysplasia or death and decreased in-
flammation [67]. In children on mechanical respiratory sup-
port, treatment with budesonide and surfactant did not improve
survival or the development of bronchial dysplasia over the
surfactant-treated group but decreased the need for mechanical
ventilation [68].

5.3 Statins

Statins are [-Hydroxy [-methylglutaryl-CoA (HMG-CoA)
reductase inhibitors with immunomodulatory properties. A
meta-analysis showed that treatment with statins prior to
intensive care unit (ICU) admission or before a diagnosis of a
specific pathology showed a decrease in 30-day mortality, but
no association with in-hospital mortality [69].

The Hydroxymethylglutaryl-CoA reductase inhibition with
simvastatin in Acute lung injury to Reduce Pulmonary dys-
function (HARP-2) trial was a multicentre trial that sought to
test simvastatin (80 mg/day) in ICU patients, 48 h after the
onset of ARDS. Patients involved in the study could be divided
into two different sub-phenotypes: hypo-inflammatory (65%)
and hyper-inflammatory (35%), and only increased survival
was found in patients who had a hyper-inflammatory sub-
phenotype treated with simvastatin. This study highlighted the
need to phenotype different types of ARDS patients [70]. In
the Statins for Acutely Injured Lungs from Sepsis (SAILS) trial
they were also able to identify different biological phenotypes
but did not see phenotype-specific benefit from rosuvastatin
treatment [71]. In recent years, clinical studies propose to
investigate the role of statins in ARDS patients of different
aetiologies, although those have been cancelled due to lack of
enrolment or other causes.

5.4 Carbon monoxide

Carbon monoxide (CO) results from the catabolism of heme
oxygenase within the body. Its anti-inflammatory and anti-
apoptotic role has been described. CO down-regulates the
NOD-like receptor family pyrin domain containing 3 (NLRP3)
inflammasome, thus preventing mitochondrial dysfunction,
and protects against cellular oxidative stress in models of lung
injury [72, 73]. In in vivo models that received lypopolysac-
charide (LPS), 50 parts per million (ppm) inhaled CO restored
arterial resistance and decreased NOS-2 expression, although
no changes were seen in plasma levels of inflammatory cy-
tokines [74]. In a nonhuman primate pneumonia model CO
treatment (200 ppm of concentration for 60 minutes) reduced
extravascular alveolar fluid [75].

In a phase 1 trial in patients with ARDS-induced sepsis, a
low dose (100-200 ppm) of inhaled CO was found to be a well-
tolerated and safe treatment during mechanical ventilation. A
phase 2 trial is currently recruiting ARDS patients to be treated
with inhaled carbon monoxide at 200 ppm (NCT03799874).

5.5 Mesenchymal Stromal Cells

Mesenchymal Stromal Cells (MSCs) have immunomodulatory
properties and reparative effects on damaged tissue, presenting
paracrine and cell-cell communication (see chapter Cell Ther-
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apies in ARDS). Their role as a treatment in ARDS depends
on the microenvironment to which the cell therapy is exposed
and what has caused the lung injury [76].

The phase 1/2 clinical trial MultiStem Therapy in ARDS
(MUST-ARDS) evaluated the safety of intravenous 900 mil-
lion bone marrow-derived multipotent adult progenitor cells
administered within 96 h of the onset of moderate-to-severe
ARDS patients requiring mechanical ventilation. Administra-
tion of the cells was well tolerated and tended to decrease the
need for mechanical ventilation [77].

In the Human Mesenchymal Stromal Cells for ARDS
(START) phase 2a trial, patients with moderate-to-severe
ARDS requiring mechanical ventilation were given an
intravenous dose of MSCs, which was safe but showed no
improvement over the placebo-treated group. These findings
have been attributed to the low viability of the administered
cells [78]. The Mesenchymal Stromal Cells for ARDS
(STAT) phase 2b trial, an extension currently recruiting,
aims to test the safety and efficacy of 10 million MSCs/kg
(NCT03818854).

The REALIST trial proposes to investigate whether a single
infusion of MSCs (human umbilical cord-derived CD362 en-
riched MSCs) could help in the treatment of ARDS, a phase
1/2 study (NCT03042143).

Regarding COVID-19-induced ARDS, it has been shown
that in 7 patients who received a transfusion of ACE2™ MSCs,
lung function and symptomatology improved two days after
treatment, and inflammation was reduced by decreasing C
reactive protein (CRP) and TNF-« [79].

5.6 Regulatory T-cells

Regulatory T-cells (Treg cells) act on the immune system by
decreasing its activation and promoting homeostasis. Overex-
pression of Transforming Growth Factor (TGF) /31, the most
secreted cytokine by Treg cells, in a murine model of acute
lung injury (ALI) induces more Treg cells and decreases T
helper 17 cells (Th17) cells, improving lung inflammation
[80].

Several clinical trials are currently ongoing in COVID-
19-ARDS patients proposing intravenous administration of
Treg cells (NCT05027815 and NCT04468971), and a study
in COVID-19-ARDS patients receiving intravenous Treg/Th2
hybrid cells has just been terminated, although results are not
posted yet (NCT04482699).

5.7 Vitamin C

Vitamin C is an antioxidant molecule with protective effects.
In one study, vitamin C levels were found to be undetectable
in more than 90% of patients with SARS-CoV-2-associated
ARDS [81]. In the Vitamin C in patients with Sepsis and
Severe Acute Respiratory Failure (CITRIS-ALI) phase 2 trial,
patients with sepsis and consequent ARDS were treated with a
96h-infusion of vitamin C. There was no difference between
the vitamin C-treated group and the control group in terms
of decreased inflammation, but secondary outcomes showed
a decrease in 28-day mortality in the treated group [82].
Completed but unpublished clinical studies include COVID-
19 patients with ARDS treated with vitamin C and other antiox-
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idants (NCT04570254), and ascorbic acid (NCT04710329).
Also, there is a phase 3 study in septic patients with ARDS
that proposes to compare the effect of high-dose intravenous
vitamin C, but is not yet enrolling patients (NCT04404387).

5.8 Ulinastatin

Ulinastatin, a glycoprotein known as urinary trypsin inhibitor,
is an experimental drug with anti-inflammatory properties.
A clinical study of 14 consecutive days of treatment with
ulinastatin in ARDS patients requiring mechanical ventilation
resulted in decreased TNF-«, IL-6 and CRP levels, increased
antioxidant capacity, decreased ventilatory need and hospital-
stay days [83].

5.9 Inhibitors

5.9.1 p38

The p38 mitogen-activated protein kinases (p38MAPK) are
intracellular signals that play a crucial role in igniting inflam-
mation through the release of proinflammatory cytokines such
as IL-6, IL-13 and TNF-« [84].

In patients at risk of developing ARDS, a phase 2 study using
dilmapimod, a specific inhibitor of p38MAPK, was shown to
be well tolerated, with the highest dose (10 mg) administered
as a continuous infusion over 24 h having the most favourable
profiles and decreasing IL-6 and CRP [84].

The hyper-inflammatory response that occurs in SARS-
CoV-2 infection may be caused by up-regulation of p38MAPK
activity [85]. SARS-CoV-2 has previously been shown to act
on the p38MAPK pathway, promoting inflammation, vasocon-
striction and thrombosis and in turn favouring the continuation
of the viral cycle. A preclinical study in which a p38 inhibitor
was administered to SARS-CoV-infected mice showed an 80%
survival rate in the treated group [86]. Among the proposed
inhibitors, losmapimod is one of the most clinically studied
inhibitors [85].

5.9.2 Tumor Necrosis Factor Receptor 1

Another pathway antagonised has been the TNF-« pathway,
mainly by an anti-TNF-1 receptor (TNFR1) antibody that
selectively binds to the TNFR1.

TNFR1 and TNFR?2 levels are elevated in patients with crit-
ical COVID-19. In addition, markers of monocyte activation
such as soluble cluster of differentiation 14 (sCD14) have been
found to be directly correlated with TNFR1, suggesting an
association with severe disease, and might be predictive for
mortality in critically ill patients. The TNF/TNFR signalling
pathway is an interesting target to improve survival in COVID-
19 critical patients [87]. In healthy humans previously ad-
ministered LPS, anti-TNFR1 treatment resulted in decreased
inflammatory response, endothelial damage, and neutrophil
infiltration into the lung [88].

5.9.3 Interleukin-6

IL-6 is secreted by T cells contributing to inflammation [89],
which ends up in an increased ARDS pathophysiology. The
administration of IL-6 blockers tocilizumab and sarilumab
proved benefit in patients with ARDS [90]. Phase 2/3 clinical
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trials of intravenous tocilizumab in COVID-19-ARDS patients
have been completed, but results have not still been pub-
lished (NCT04445272), and other clinical trials are recruiting
(NCT04412772, NCT05082714).

5.9.4 Interferons

Interferons comprise a set of molecules with different func-
tions that may have opposing roles in ARDS. Interferon-v
(IFN7) is notably involved in viral infections, being highly
proinflammatory. In COVID-19 patients who develop ARDS,
treatment with anti-IFN~ could be a potential treatment, since
IFN~ has been observed to upregulate ACE2 expression in the
lung epithelium, a receptor used by SARS-CoV-2 for cell entry
[91].

On the contrary, interferon [-la has anti-inflammatory,
anti-fibrotic and antiviral properties. In a phase 2 trial Inter-
feron B-1a (SNGOO1), nebulised inhaled interferon 5-1a was
administered to COVID-19 patients and proved a fast recovery
from infection. It has also been recommended to test interferon
B-1a in ventilated and critically ill patients [92]. In contrast, in
a phase 3 study in patients diagnosed with moderate-to-severe
ARDS, intravenous administration of FP-1201 (a recombinant
human interferon 3-1«), showed no improvement compared to
placebo administration [93].

5.9.5 Imatinib

Imatinib, a tyrosine kinase inhibitor, attenuates oxidative dam-
age by acting on lung endothelial catalase. Imatin